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Abstract:The use of a modiﬁed remote control (RC) model car as a vehicle dynamics testing and development platform
is detailed. Vehicle dynamics testing is an important aspect of automotive engineering and it plays a key role during the
design and tuning of active safety control systems. Considering the fact that such tests are conducted at great expense,
scaled model cars can potentially be used to help with the process to reduce the costs. With this view, we instrument and
develop a standard electric RC model car into a vehicle dynamics testing platform. We then implement 2 representative
active safety control applications based on this platform, namely an antilock brake system using open-loop pulse brake
control and a roll-over prevention system utilizing lateral acceleration feedback. Both applications are presented with
sensor measurements and the eﬀectiveness of the suggested control algorithms are demonstrated.
Key words: Vehicle dynamics, active vehicle safety, scale model car dynamics, antilock brake system, rollover prevention
1. Introduction
In modern motor vehicles, the dynamic response characteristic is an important feature aﬀecting consumer
preferences. High quality cars are often described with their own speciﬁc driving feel and response. Vehicle
dynamics are also associated with the on-road safety and sense of security of a given vehicle. It is known that
automotive manufacturers spend much time and eﬀort to ensure a certain acceptable level of dynamic stability
and response characteristics while designing new models. With such important consequences, the analysis of
vehicle dynamics has developed into an important aspect of road vehicle design.
Analysis of vehicle dynamic response helps in understanding the vehicle behavior under changing road
and vehicle operating conditions. Once a safety-critical condition is identiﬁed, it is either mitigated by a design
modiﬁcation resulting in enhanced dynamic response or by employing an active feedback safety control system.
As design modiﬁcations usually end up with a trade-oﬀ between vehicle safety and comfort, the use of active
safety systems is usually preferred by auto manufacturers. Both approaches are quite costly and require much
testing time and development eﬀort.
Active vehicle safety systems are feedback control mechanisms that improve on-road vehicle safety. Such
systems typically sense the adverse dynamic condition with on-board inertial sensors and then utilize actuators
such as active steering, active suspension, diﬀerential braking, active diﬀerential, and active antiroll bar to
mitigate the problem. See [1] for a review, and see [2] and [3] for examples of such active vehicle safety control
applications. Nowadays, it is a common practice to have many active safety control systems as part of the
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standard vehicle conﬁguration. Some well-known examples of these are the antilock braking system (ABS),
electronic stability control (ESC) [4], and roll-over prevention (ROP) [2, 3, 5] systems. Development and tuning
of such active safety control systems are usually done on real preproduction vehicles at a great expense.
Use of scaled models is quite common for aerodynamic design and optimization studies in the aerospace
industry for proving numerical studies [6]. Similar studies are also conducted in the automotive industry,
particularly in motor sports. The use of scale models for feedback control system design is again a common
practice in the aerospace industry [7] since it is safer and much cheaper to prototype a new control system
and/or a vehicle concept on a relatively cheap scale model. While there are a very few recent academic studies
conducted on the use of scale models for vehicle dynamics testing and prototyping, such as [8], [9], [10], [11],
[12], and [13], we believe that such vehicle dynamics test beds are not common in the automotive industry since
we could not locate any reference reports and/or papers citing the use of such scale-vehicle models from the
industry.
Motivated by the above facts, we describe the development stages of a cheap remote control (RC) model
car as a hardware-in-loop (HIL) vehicle dynamics analysis platform in the current paper. In our design, a mobile
PC serves as a real-time electronic control unit for processing on-board vehicle sensors and also for triggering
active feedback control algorithms. The designed system can be used as a low-cost rapid prototyping system for
advanced active vehicle safety system development that can potentially reduce the development costs of such
systems. We demonstrate implementation of 2 safety control systems on this platform, namely an ABS system
using an open-loop pulse brake control system and a ROP system utilizing lateral acceleration feedback. We
emphasize that the main diﬀerence (and the advantage) of the hardware setup that we describe here from the
literature is the fact that the HIL setup is directly controlled by the MATLAB–Simulink environment rather
than an embedded computer, which simpliﬁes its prototyping ability for implementing and testing new controller
designs.
Throughout the paper, we describe all the development stages of the vehicle platform, including the
design of interface between the RC car and computer, integration of an inertial wireless motion sensing hardware
accessory for kinaesthetic expression (SHAKE) SK6 sensor (see http://code.google.com/p/shake-drivers/) on
the vehicle, and the coding of the feedback control system using MATLAB–Simulink. We demonstrate the
eﬃcacy of our experimental setup with real measurement data.
2. Speciﬁcation of the hardware and its interfaces
The basis component we use in this work is a RC car from LOSI (Strike 1/10 Scale Electric Short Course
Truck). The car runs on a Ni/Mh battery pack and is controlled via the LOSI LSR-3000 radio controller,
which operates at 2.4 GHz radio frequency for communicating with the receiver module on the car. The radio
transmitter contains a throttle trigger connected to a potentiometer (i.e. a circular transducer) for controlling
longitudinal motion, and a circular steering wheel potentiometer to control the vehicle’s lateral movement.
There are also several knobs for calibration (e.g., for throttle and steering trims and for setting DC gains on
the respective control channels). An additional weight of 2.3 kg is added on top of the car, as seen in Figure 1,
to make the vehicle top-heavy, resulting in roll instability, which was required to test the anti-rollover control
algorithm we implemented.
The hardware and software design aspect of this work is mainly related to the interfacing of the model
car’s remote controller and the SHAKE SK6 sensor with the computer. The computer here serves both as a
data acquisition system and as an electronic control unit for triggering control commands. The software aspect
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Figure 1. LOSI electric RC car with additional weight on top.
of the work was implemented in MATLAB–Simulink.
In order to interface the remote controller with the computer, we used the LabJack U3-LV I/O board
seen in Figure 2, which has 2 analog outputs (these were used for steering and throttle control, respectively),
more than 10 digital I/Os (2 of which were set as analog inputs for monitoring the steering and throttle signals),
and other additional features such as timers and counters.
Figure 2. Labjack U3 I/O board.
The third main component we used in this work is the SHAKE SK6 inertial measurement unit (IMU)
seen in Figure 3. This inertial sensor pack is placed within the vehicle (near the vehicle’s center of gravity) and
it features a 3-axis linear accelerometer and a 3-axis angular rate sensor (gyro) that are utilized for measuring
dynamic motion data in the scope of this work. Speciﬁcally, the sensed dynamic motion information is used for
real-time feedback control. The communication with the SHAKE SK6 sensor is provided over a Bluetooth link.
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Table 1. Steering potentiometer.
Wheel position Output (Volts)
Neutral 1.44
Full left 0.13
Full right 2.72
Once the connection is conﬁgured between the sensor and the computer, communication is established over the
serial COM port. The real-time sensor data are processed in MATLAB–Simulink and then used to monitor
and generate trigger signals for engaging the predeﬁned control actions when certain dynamic conditions are
provided. The control actions are also enabled by the MATLAB–Simulink environment, which are simply in
the form of variable throttle and steering angle control. In demonstrating the system for prototyping of active
safety systems, the 2 control inputs (active steering and active throttle control) are used for rollover prevention
and for obtaining a pulse-break system. In this respect, real-time data acquisition and processing from the IMU
sensor is a critical feature of the overall system.
Figure 3. SHAKE SK6 sensor.
2.1. RC–computer interface
At ﬁrst glance, the 2 main components of the remote controller (LSR 3000 DSM transmitter) are the steering
wheel angle and the throttle/brake trigger angle. The steering wheel and the throttle/brake trigger are each
connected to a potentiometer, on which the potential diﬀerence between the 2 terminals can be set by adjusting
the positioning of the wheel and the trigger.
In order to interface the vehicle control inputs with the computer, we recorded the neutral and limit
potential diﬀerence values on the potentiometers. The potentiometers under interest consists of 3 terminals:
ground, supply, and output terminals. The position of the wheel/trigger determines directly the output voltage
of the potentiometer. In Tables 1 and 2, the measured neutral and limit output voltages on the potentiometers
for steering and throttle/brake can respectively be seen.
As one can see from Tables 1 and 2, in order to control the car, a voltage in the 0− 3 V range should be
applied to the terminals, which are initially connected to the output terminals of the potentiometers. For this
project, we disconnected the terminals from the potentiometers and instead connected them to an outer DC
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Table 2. Throttle/brake potentiometer.
Trigger position Output (Volts)
Neutral 1.51
Full break 0.57
Full throttle 2.77
power supply. By changing the voltage level, we observed that the steering and throttle/brake can be adjusted.
In the next step, we connected these terminals (for steering and throttle/brake) to the 2 analog outputs of
the LabJack U3-LV I/O device. Using the MATLAB driver of the I/O board, a setOutput(channel, voltage)
function was implemented in MATLAB. The function simply assigns the speciﬁed voltage as an output to
the given analog channel. For example, to give 2 V for the steering control, one simply needs to execute the
command setOutput(0, 2) in the MATLAB command window.
Once the fundamental interface between the car and the remote controller was established, the next
goal was to implement this programming environment in Simulink with the speciﬁc features for a real-time
simulation. The reason for preferring Simulink is the fact that it provides a visual prototyping environment for
designing feedback control systems, and it is used widely for this purpose in both industry and academia. For
the purpose of this project, 2 ‘level-2’ MATLAB S− functions were programmed to implement the setOutput
function as a Simulink block (the ﬁrst for steering and the second for throttle/brake). Moreover, a ‘Real-Time
Block’ was added for guaranteeing the precise timing of the real-time simulation. From this point on, the
car could be controlled via a real-time simulation with the desired input forms (e.g., step, sine, pulse) to the
setOutput functions. Using this simulation environment, the actuator tests and a pulse braking system (similar
to ABS) simulation were implemented, which shall be described in detail below in Section 4.
2.2. IMU–computer interface
In order to interface the SHAKE SK6 IMU sensor with MATLAB, the MATLAB driver of the sensor was
needed. We programmed the necessary interface drivers by modifying a similar driver from a diﬀerent serial
command device and by implementing the correct device control registers. With the modiﬁcations made on the
driver, the 3 acceleration and 3 gyroscope components can be read on MATLAB.
Once the driver was in place, we then implemented this for providing the sensor data in the real-time
Simulink environment described above. For this purpose, a ‘level-2’ S−function was created and the necessary
commands (from the driver ﬁles) were embedded into the simulation, providing the 3D acceleration and the 3D
gyroscope measurements from the IMU in real-time.
3. Development stages of the vehicle test platform
Thus far, we have described the hardware components of the test platform and given the details on the interfaces
between these components. In this section, we further explain the development steps of the vehicle dynamics
test platform that samples the IMU sensor data in real time and sends both the predeﬁned control signal and
the feedback control signals to the vehicle, all in the same Simulink environment. Speciﬁcally, we ﬁrst describe
the switching circuit that enables the switching between the computer’s and the manual RC hand unit’s throttle
and steering signal inputs. We then describe the actuator tests and the sensor calibration procedures conducted
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in MATLAB–Simulink. Finally, we describe an alternative interface between the car and the computer without
using the switching circuit, which enables use of both the RC unit and computer inputs at the same time.
3.1. Switching circuit preparation
The switching circuit was designed to allow the user to decide on the vehicle control input mechanism. It
enables control of the car by either the RC hand-unit or by predeﬁned computer inputs.
The basic structural overview of the switching circuit can be seen in Figure 4. The control signals
Throttle Input(1), Throttle Input(2), Steering Input(1), Steering Input(2), and Control Bit are the inputs and
the resulting steering control voltage and throttle control voltage are the outputs of the switching circuit. The
circuit consists of 2 multiplexers (part number: MAX4581CPE), the ﬁrst for the steering control input and the
other for the throttle control input to the vehicle.
Throttle Input (2)
Steering Input (2)
Control Bit
Switch
Circuit
Remote
Controller
Throttle Control
Throttle Input (1)
Steering Control
Steering Input (1)
Figure 4. Switching circuit diagram.
The Control Bit is used for switching between either of the control channels connected to one of the
digital output ports of the LabJack I/O board. When the Control Bit is logic high, the Steering Input(2) is
buﬀered as the resulting steering control voltage input and the Throttle Input(2) is buﬀered as the resulting
throttle control voltage input; using this, the vehicle is directly controlled by the computer. We note that the
Steering Input(2) and the Throttle Input(2) channels are the 2 analog outputs of the LabJack I/O board. The
steering control voltage and throttle control voltage of the switch circuit are connected to the steering and
throttle terminals of the RC unit. The inner structure of the switch circuit can be seen in Figure 5. When the
Control Bit is logic low, the Steering Input(1) and the Throttle Input(1) are directly connected to the outputs
of the RC hand-unit’s potentiometers.
3.2. Actuator tests
There are 2 actuators on the remote controlled car: the ﬁrst is the steering servo and the other is the DC motor
providing both the acceleration and braking functions. The response of the actuators to various control input
frequencies was tested to analyze the limits of the vehicle dynamics platform.
In order to test the steering actuator, the tires were turned between extreme left and extreme right
continuously with diﬀerent input frequencies and the maximum frequency at which the actuator could still
respond was investigated. We found that a voltage increasing from 0.1 V to 2.7 V should be applied (see Table
1) to turn the front wheels from the extreme left to the extreme right. In order to test the dynamic response
of the steering actuator, a chirp voltage signal with a 1.5 V mean was applied starting at 1 Hz and increasing
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Figure 5. Inner structure of the switching circuit.
up to 10 Hz. It was noted that the actuator saturates after a certain frequency. To ﬁnd this frequency, a sine
wave with 1.5 V mean and 1.2 V amplitude was applied with varying frequencies (see Figure 6 for an example
voltage input with 0.5 Hz frequency, for which the analytical representation is V (t) = 1.2sin(πt) + 1.5. The
maximum frequency at which the steering actuator could still respond without saturation was approximately
5 Hz. What we mean by “actuator saturation” here is simply the point at which the actuator can no longer
respond to the increasing and decreasing periodic voltage signals; it simply jitters around the middle set point.
In order to test the throttle/brake actuator, we used a pulse-type voltage input rather than a chirp or
a sine wave. This is motivated by the ABS application that we implemented on this test platform utilizing a
pulse signal on the brake actuator. In order to test the throttle/brake actuator, a signal with 50% duty cycle
pulses and with 0.25 V amplitude and 1.5 V lowest value is applied (see Table 2). An example test input for
the throttle/break actuator can be seen in Figure 7, which is the Simulink implementation of the delayed time
signal f(t − 5)1(t− 5) in the notation of [14], where:
f(t) =
{
1.75 for 0 < t < T/2
1.5 for T/2 < t < T .
The maximum frequency at which the throttle/brake actuator can still respond without actuator saturation
was observed to be approximately 10 Hz.
3.3. IMU sensor calibration
Here we describe how the raw accelerometer measurements of the SHAKE SK6 were calibrated. In order to do
this, the accelerometer values were recorded along each axis (x , y , and z ) while the subject axis was pointing
towards the gravitational ﬁeld in both + and − directions. These values were assigned as +g and −g for each
respective axis. The raw acceleration sensor readings for each dimension (x , y , and z ) pointing in the ±g ﬁeld
directions can be seen in Table 3.
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Table 3. Accelerometer calibration.
Axis +g –g
X 1001 –998
Y 992 –995
Z 1021 –974
After the calibration step, the 3 acceleration readings were ﬁltered to remove the high frequency jitter,
which is a common feature of acceleration sensors. For the purpose, a second-order Butterworth low-pass ﬁlter
with a cut-oﬀ frequency of 6 Hz was used. The ﬁlter is digitalized and applied as a Simulink block for each
acceleration channel.
3.4. Computer commanded actuators
With the switch circuit in hand (see Figure 4), the control of the car via the computer or the remote controller
is possible. Here, an alternative way is introduced without using the switching circuit. For this purpose, the
LabJack I/O board was utilized directly instead of the multiplexers. The aim of this alternative way is to allow
the user to control the car with the remote controller hand-unit while simultaneously allowing feedback control
inputs sent by the computer to the steering and throttle actuators. This way, the signals can be manipulated
by the computer if necessary (in case of an emergency brake or a possible rollover scenario).
The main signals are again the same as in the switching circuit (see Figure 4): Steering Input(1) and
(2), Throttle Input(1) and (2). In this alternative way, instead of switching between inputs (1) and (2),
the Steering Input(2) and Throttle Input(2) are directly connected to steering control and throttle control
channels, respectively; Steering Input(1) and Throttle Input(1) are connected to the 2 analog input ports of the
LabJack I/O board. These inputs, which carry the potentiometer voltages, can be read into MATLAB with
the readAnalog(channel) function (e.g., to read the steering potentiometer, simply call readAnalog(0) in the
command window).
0 2 4 6 8 100
0.5
1
1.5
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Time (s)
V
ol
ta
ge
 (V
)
Figure 6. An example steering test input. Analytically, the input signal is V (t) = 1.2sin(πt) + 1.5.
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Figure 7. An example throttle test input.
A simulation ﬁle is implemented in Simulink, which reads the data from the analog ports of the LabJack
I/O (in which the readAnalog function is embedded) and assigns these data to the analog output ports of the
LabJack I/O (in which the setOutput function is embedded). When the simulation is run, the potentiometer
voltages, which can be monitored via a scope, are passed directly to the remote controller to be transmitted to
the car.
4. Applications and experimental results
In this section, we describe 2 separate vehicle active feedback control applications that were implemented on the
vehicle dynamics platform and report actual measurement results. The ﬁrst application that we implemented
on the car is the pulse brake, representing an ABS system. The second application is a ROP system based
on active steering control of the car (see [3] and [15] for a background on the automotive ROP problem in the
context of active steering). Finally, we combined the 2 systems together in a single simulation ﬁle, which allows
the car to be driven with the remote controller hand-unit while the 2 safety systems are activated.
4.1. ABS-like pulse brake system
A pulse brake system (similar to ABS in full-scale cars) was implemented on the RC car to improve the brake
performance. The frequency of the pulse was chosen as 10 Hz in accordance with the throttle actuator tests
performed as described in the previous section.
Comment 4.1 We emphasize that the braking mechanism in this model car is very diﬀerent from the typical
electrohydraulic servo systems found in regular cars. The only similarity between them could be considered as
the delay in the actuator mechanism. Our aim in this experimental exercise was not to replicate the actual brake
mechanism, but to implement an ABS-like mechanism using the available actuator. A more advanced version of
this ABS-like control mechanism is currently being investigated, which will utilize miniature wheel speed sensors
mounted on the wheels.
We ran 2 experiments on the car to test the performance of the pulse brake system. The ﬁrst experiment
involved the car going at full speed for 2 s and then making a full brake until it stopped. For full speed, a
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voltage of 2.5 V, and for full brake, a voltage of 0.9 V were applied to the throttle terminal; the nominal value
is again 1.5 V (see Table 2).
In the second experiment, the brake mechanism diﬀers from the ﬁrst with an additional 0.6 V amplitude
pulse signal. We applied this new brake signal to the car until it completely stopped. The longitudinal
accelerations (ax ) and the throttle/brake signals were recorded in both of the experiments and the results
for both experiments can be seen in Figure 8.
The pulse brake system is observed to have a better performance than the full brake, both in terms of
the duration and the distance it takes to stop the car. The full brake takes about 1.0 s to bring the car to a
full stop while the pulse brake takes about 0.8 s to do the same (see Figure 8). Moreover, it was observed that
the car takes up to 1.5 m less distance to stop with the pulse brake switched on. It is also noted from Figure 8
that the peak acceleration measured was lower during the pulse brake test than the full brake test.
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Figure 8. Throttle input and the resultant longitudinal accelerations (in units of g , with 1 g ≈ 9.81 m/s2 ) for pulse
and full brake systems.
4.2. ROP system based on active steering compensation and utilizing lateral acceleration feedback
The second application that we implemented on the car was a ROP control system based on active steering
control inputs and utilizing lateral acceleration thresholds, which aims to prevent possible vehicle turnovers. See
[2] and [3] for detailed discussions and examples of model-based control designs for rollover prevention systems,
and see [2],[3],[4], and [5] for the use of lateral dynamics in the context of active safety control system design.
The system we designed monitors the lateral acceleration (ay ) measurements in real time and decides whether
to limit the steering inputs or not, depending on the thresholds we specify. If the lateral acceleration value is
greater than |0.3g| , then the steering input is limited at either 1 V or 2 V depending on the turning direction.
To test the system, we designed a ‘J-turn’ maneuver scenario. During the test the car goes straight for
2 s, then makes a right turn for 0.3 s, and ﬁnally makes a full left turn. The aim is to give a steering input
signal that will be able to roll the car over. The predeﬁned throttle signal applied during the test can be seen
in Figure 9, which is a pulse signal deﬁned as follows.
f(t) =
{
2.7 for 0 < t < 2.5s
1.5 for 2.5s < t
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We implemented 2 experiments to show the eﬃciency of the applied ROP control system, and the lateral and
vertical acceleration data along with the steering input data were recorded during both experiments.
First, the experiment was run without the ROP system being activated. The vehicle rolled over as a
result of the applied steering input. This is seen as a dashed line in Figure 10, where the vertical and lateral
accelerations increase beyond usual limits as a result of the rollover event. In the second test, the same ‘J-turn’
steering input signal was applied to the vehicle while the rollover prevention system was activated. The system
monitors the lateral acceleration data and decides whether to limit the steering input or not. The measurement
results for both experiments are seen in Figure 10, where the steering input results and the resulting lateral and
vertical acceleration data are compared for the controlled and uncontrolled systems.
For the uncontrolled case, it can be seen that the vertical acceleration (az ) is approximately 1g in the ﬁrst
2 s, implying that the vehicle was in the standing position. As the J-turn takes place, the lateral acceleration
(ay ) behaves accordingly, and after the maneuver, the ay and az values are ﬁxed at some nonzero negative
values, implying that the vehicle has rolled over. However, with the ROP system activated, it is observed that
whenever the ay value goes beyond the limit, the steering input is saturated to either 1 V or 2 V. This way,
possible rollovers are avoided. This is also seen as plotted with the solid line in Figure 10; when the car stopped
(after 3.5 s), the vertical acceleration value was observed to be 1g , meaning that the vehicle was in the standing
position.
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Figure 9. Throttle signal input.
5. Conclusions and future work
In this paper we described the developmental stages of a vehicle dynamics measurement platform based on a
cheap RC model car. We further gave the implementation of 2 feedback safety control systems on this platform,
namely an ABS system using simple pulse brake control and a ROP system based on lateral acceleration
thresholds and utilizing active steering inputs. Our results demonstrate that such a low-cost system can be used
to prototype active safety systems on a limited budget, which is particularly suitable for academic institutions
and small enterprises. This platform should also serve as an educational tool for teaching vehicle dynamics and
control. As a future work, we plan to develop a more advanced vehicle dynamics prototyping platform equipped
with active brake and active steer inputs to develop/implement more advanced active safety control systems.
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